After intensive study, we have devised a method of assay permitting the use of pooled human serum for antibiotic standards, utilizing a minimum of patients' serum (0.3 ml per sample), and yet providing suitable standardization so that the error is less than =4:10%. The method is an agar-well assay, and the simplicity and accuracy stem from a variety of modifications of procedures previously described (2, 3, 9 
Antibiotic assays performed in laboratories concerned with the commercial production of antibiotics have reached a high stage of sophistication and accuracy. Both cup-plate and turbidimetric procedures are used, and large supplies of appropriate standard and unknown materials are available in simple solutions. In contrast, assays of antibiotics in specimens from patients, chiefly blood and urine, have sometimes been inaccurate and lacking in standardization for a number of reasons. Variable constituents of body fluids, limited quantities of serum available for standards, lack of control of deterioration, and differences in technical procedures are factors that have led to discrepancies in results of cup-plate assays. The widespread practice of using twofold serial dilutions of serum has added to the problem because of the very large inaccuracies associated with this method. With both cup-plate and serum dilution methods, the reports from different clinical investigators are so variable that it is difficult to draw valid conclusions about the actual serum concentrations (micrograms per milliliter) produced by a given dose of an antibitotic, or to compare results obtained in different laboratories.
After intensive study, we have devised a method of assay permitting the use of pooled human serum for antibiotic standards, utilizing a minimum of patients' serum (0.3 ml per sample), and yet providing suitable standardization so that the error is less than =4:10%. The method is an agar-well assay, and the simplicity and accuracy stem from a variety of modifications of procedures previously described (2, 3, 9) . In addition, the method of plotting and calculating the results provides new concepts that further simplify the procedure. Standards and test organisms for a ANTIBIOTIC ASSAY OF CLINICAL SPECIMENS 35.6 by 35.6 cm) square piece of plate glass, 0.25 inch (0.64 cm) thick and having a flat surface, is used for the assay plates (Fig. 1) . Four glass sides are attached to the surface by epoxy resin, two opposite sides rising 1 inch (2.5 cm) and the others 0.75 inch (1.9 cm) above the surface. A 0.25-inch thick plastic cover may then be securely placed over the top of the plate and sealed to prevent drying. The inside diameter of the plate is 12 by 12 inches (30.5 by 30.5 cm). The glass is routinely prepared by swabbing with 70% ethyl alcohol containing 4% concentrated HCI by volume after washing thoroughly with soap and water, and the inner surface is swabbed with acetone and flamed before use. Autoclaving with streaming steam (100 C) not under pressure is also feasible, providing that cooling of the glass is allowed to take place very gradually.
The assay agar is prepared by mixing 31 g of powder (Difco nutrient agar, 1.5%) with 1,080 ml of distilled water in a large flask, placing the flask in a boiling-water bath until the medium is clear, and dispensing the medium in four smaller flasks (270 ml each). Evaporation occurs during autoclaving so that about 250 ml remain from an original 270 ml. After sterilization, flasks containing 250 ml of melted agar are placed in a water bath at 56 C to maintain a liquid state until poured. To provide a layer which is uniformly about 2.7 mm deep, 250 ml of seeded agar (see section on Assay organisms) is poured onto an assay plate which rests on a special pouring surface. This is a large rectangular piece of hardwood 1.5 inches (3.8 cm) thick that can be leveled by adjusting four threaded metal bolts which are attached to the bottom.
Punching wells in the agar. When the seeded agar has solidified, wells 5.5 or 4.5 mm in diameter are made with specially designed agar punches (Fig. 2) . Since the agar thickness is 2.7 mm, the approximate volumes required to fill the wells are 0.06 and 0.04 ml, respectively. Both these sizes give suitable zone diameters even with low antibiotic concentrations, and were selected for the ease with which the wells may be punched and filled, and the small volumes needed to fill them. The larger sized wells (5.5 mm) are useful for extending the lower range of concentrations measurable for antibiotics giving small zone sizes, and the smaller ones are especially useful for pediatric samples; see specific recommendations for different antibiotics and test organisms in Table 1 . Larger wells than these are more difficult to punch, no easier to fill, require more solution, and give unnecessarily larger zone sizes. The tip of the specially designed punch (Fig. 2) is wiped with an alcohol sponge before punching each plate. At the end of a day, the entire punch is briefly flushed with alcohol through the nozzle of a squeeze bottle inserted into the mouthpiece. The excess alcohol is blown out, and the punch is allowed to dry overnight. Contamination can usually be avoided with no other special precautions. After the punch is inserted into the agar, it is tipped very slightly to break the seal at the glass surface. Light suction is applied and maintained as the punch is lifted from the plate, and the plug of agar is then easily discharged from the punch by blowing gently on the mouthpiece. With a little practice, 81 wells can easily be made in 1 to 2 min, making this a much more efficient process than placing cylinders on top of the agar. The agar plugs are removed gently so that adjacent agar is undisturbed and tears in the agar are rare, making the placement of a drop of melted agar in the well unnecessary (11) . Also, the usual cork bore procedure is less satisfactory, since it requires a separate step to remove the plug after it is cut. Because of its greater mobility and lack of a need for a suction pump, our instrument is probably more suitable than an earlier one designed for this purpose (7) . The Although repeated reference is made in the literature to the necessity of randomly applying solutions to the plate (1, 6) , the benefits from this procedure are slight. The greatest single factor making randomization necessary is time, for zone sizes with the same solution applied repeatedly become smaller as time elapses. However, it takes more time to apply solutions randomly than to apply them in a sequential mannei', which also provides good distribution on the plate. We have found that 81 wells may be filled in 10 min by two technicians. With this scheme, both time and plate variabilities are minimized. In practice, therefore, the solutions are applied in a simple sequential fashion down the columns, with the sequence being repeated after the last solution is reached. For example, to make 5 replications of each of 5 standards and 11 unknowns, the solutions are first labeled with numbers 1 to 16, and a diagram is made of the places on a 9 X 9 plate where each solution is to be applied (see Fig.  3 ). Solutions 1 to 9 are marked consecutively down the first column on the left side of the plate with solution no. 1 A Bacillus cereus (ATCC 11778) suspension may be made in the same general manner as that described for S. lutea. One drop of a 20-hr broth culture is spread evenly over the surface of a 9-cm petri dish which contains blood-agar. After 16 to 20 hr of incubation at 30 C, one-half the growth on the plate surface is mechanically scraped off with a wire loop and placed in a bottle containing 100 ml of chilled Tryptose Phosphate Broth and mixed by pipette, then thoroughly shaken. The optical density of the suspension is adjusted to 0.30 at 550 m,u on a Coleman Junior spectrophotometer either by adding more bacteria from the remaining half of the plate or by additional dilution with chilled Tryptose Phosphate Broth. The suspension is dispensed into 2-ml volumes into several small vials and refrigerated (4 C) until used. A suitable inoculum is 1.2 ml per 250 ml of agar. Incubation is carried out at 30 C.
We do not use base and seed layers for the four assay organisms mentioned above, since each of these test organisms gives well-defined zones of inhibition when only one agar layer is used. Staphylococcus aureus produces marked "coning" when inoculated in a single layer of agar 2.7 mm thick, and a seed layer is essential for sharp zones. We have found this organism to be inferior to the others, and rarely use it.
Antibiotic standards. Standard powders of known potency are dried if necessary according to directions (4) , and convenient amounts are accurately weighed and dissolved in a suitable volume of diluent to give an initial concentration of 1,000 ,g/ml. One intermediate solution of lower concentration is prepared (see Table 1 ), and the final standards are made separately from the intermediate solution accoiding to the following general scheme: initial solution -* intermediate solution (1, 000 ,ug/ml) _ 1.6 ml + 0.4 ml of diluent 0.8 ml + 1.2 ml of diluent 0.4 ml + 1.6 ml of diluent 0.2 ml + 1.8 ml of diluent -0.1 ml + 1.9 nl of diluent To insure maximal accuracy, pipettes are chosen so that not less than one-half of the total capacity is delivered (3 
ANALYSIS OF RESuLTS
The routine achievement of better than 10% accuracy is a reasonable goal for antibiotic assay of serum specimens, and may be defined as a 95% certainty that a reported concentration is within 410% of the true concentration of the sample. Greater accuracy would be possible with more replications of each unknown, but the work involved would be far too burdensome for small laboratories if more than six replications were used routinely.
Our methods of analysis employed a 16-fold difference in the potency of standards, a deliberate break from the traditional assay procedure which limits the standard concentrations to a narrow range, representing a portion of the dose-response curve that does not depart significantly from a straight line. With this wider range, the doseresponse relationship is a curve described by a polynomial regression of the form y = a + bx + cx2. Method 1. After the zone diameters have been read and the six replications of each of the five standards have been averaged, five points are constructed on two-cycle semilogarithmic graph paper, plotting the mean zone diameters of inhibition against the log of the antibiotic concentration of each standard. These five points are then joined together by straight lines (Fig. 4) . To determine the concentration of an unknown, its mean diameter of inhibition is then converted to concentration by extrapolation from the graph. The errors resulting from use of straight lines connecting the five points, rather than a true curve, are minor, since this series of straight lines quite closely approximates a curve. In actual practice, we rarely use method 1, since method 2 is more accurate and involves little extra work.
Method 2. The accuracy of estimating the concentration of the unknowns can be increased by applying some fairly simple calculations to determine the "best fitting curve" for the standard, instead of using the slightly less accurate "curve" described above. With the use of any ordinary calculator that will accumulate products, and a little practice, the best fitting curve can be determined in 10 min or less by the method of least squares. This is the method ordinarily used in assaying chlnical specimens.
A simplified means for deriving the values of a, b, and c from the polynomial regression, y = a + bx + cx2, has been determined by one of us (J.V.B.) from a more general solution to such problems (8) . With the five concentrations prepared as described under Antibiotic standards, the standards can be coded into a simple linear scale of 1, 2, 3, 4, 5. To proceed, with an example from a dicloxacillin standard curve, the five standards (3, 6, 12, 24, and 48 ,ug/ml) which are to be plotted on the abscissa of the graph (x values) are coded numerically, and the corresponding mean zone diameters are listed next to them (y values), as illustrated in standards on two-cycle semilogarithmic graph paper and then connect these points with a series of straight lines. The antibiotic concentration of an unknown is then determined by extrapolation from the graph. Method 3. This method is even more accurate than method 2, but is laborious, and is used chiefly when extreme accuracy is needed. With the values of a, b, and c in the general formula, y = a + bx + cx2, having been solved by method 2, it is then possible to solve the quadratic equation for x (concentration) rather than y (mean zone sizes). To do this, we have derived the following formula from the data of Smith (10) In contrast to the other two methods, the concentration of an unknown has been directly determined in this last method without recourse to graph paper. Estimate of accuracy as obtained by method 3. A formal mathematical dissertation on tolerance limits for inverse estimation of x from y, with the use of a polynomial regression, is beyond the scope of this paper, and the reader is referred elsewhere (12) . Such tolerance limits have been calculated for several antibiotics for predicting the concentration of an unknown at the midpoint of the curve, with the assumptions that "s" was closely approximated by the standard deviation and that six replications were made of each of five standards. The equations were ultimately solved for the number of replications of an unknown needed when the recommended assay systems are used, as shown in Table 4 .
Estimates of accuracy based on tolerance limits are somewhat larger than 95% confidence limits;
thus, the accuracies in Table 4 are conservative estimates. erally needed. Note that five or fewer replications of each of these drugs will yield at least 10% accuracy, thus confirming the feasibility of this assay goal for routine work.
The detailed steps required in the actual assessment of accuracy are too tedious to be applied to every assay. However, since the fit of the data to a polynomial regression is usually remarkably good, a rough practical estimate of accuracy may be obtained by simply determining the 95% confidence limits for the mean zone diameter produced by an unknown, extrapolating the concentrations from the standard curve which correspond to these zone sizes, and then translating the difference from the mean value in either direction into per cent. DIscussioN Principal advantages of the assay system described here are the high degree of accuracy possible with a minimal expenditure of time and materials. Most of the refinements have been used before in one form or another, but to our knowledge they have not previously been combined to achieve this efficient and accurate procedure.-Our direct use of the curvilinear relationship and our method of analyzing the results does appear to be unique, and represents a distinct departure from traditional methods.
Use of a large assay plate permits testing of a great many samples under uniform conditions, giving a high degree of accuracy and reproducibility, and minimizes the number of replications as compared with small plates. A simple punch which we have designed permits the speedy preparation of a large number of agar wells, and the optimal diameter for using minimal amounts of serum and yet providing suitable assay charac-teristics has been selected. The most appropriate assay organisms for the commonly tested antibiotics have been determined, and procedures for preparing standardized suspensions useful for several weeks are described. Attention has been devoted to preparing accurate standard antibiotic solutions, and to providing controls for the deterioration of standards and unknowns. A combination of these advantages has made it possible to test large numbers of unknowns in minimal time, and with accuracy consistently better than 10% for the unknowns.
Another way in which our method greatly simplifies the actual assay procedure is that the unknowns are tested directly rather than diluting them to a narrow range of antibiotic concentrations. This is possible because the relationship between antibiotic concentration and zone sizes is nearly perfectly described by a polynomial regression over large differences in potency. With this curvilinear relationship, a 16-fold difference in the potency of the five standards is employed, and a special formula has been devised to determine the best fitting curve. Thus, the whole range of serum concentrations usually encountered clinically can in most instances be assayed directly, without dilution, and with a high degree of accuracy. An alternative to this procedure is the attempted transformation of the curve to a straight line by use of zones squared versus concentration, but this is much less satisfactory since the range of the standards often needs to be decreased, and at best there is always a residual curve which leads to systematic errors.
The method is equally useful for urine and other body fluids, but the emphasis has been on serum, since it has presented the greatest difficulties, and is the most important for critical comparisons of antibiotic concentrations.
